Chicken manure has high solid and high ammonia content which dictates the dilution of feed material with huge amount of freshwater in order to minimize ammonia toxicity, if it is to be digested alone. In this study, a novel approach is presented to significantly minimize fresh water need for biogas application and to eliminate the construction of costly digestate storage tanks. For this purpose, membrane process which allows recycling of digestate after ammonia removal was integrated to the conventional biogas system. Therefore, the selection of proper membranes for the removal of ammonia from digestate was carried out by testing six different types of Nano Filtration (NF) membranes (NF270, NF245, NF200, NF90, NF-NF, NP010) and three different types of Reverse Osmosis (RO) membranes (BW30, SW30, X20) in cross flow microfiltration experiments. The performance of the membranes was tested by monitoring parameters such as pH, conductivity, COD, TN, NO2-N, NO3-N, TP in the permeate under various operating conditions. NF90 (83%) and X20 (92%) type membranes were found to be most effective for the removal of TN from the digestate. Moreover, COD (Chemical Oxygen Demand) removal efficiency reached up to 99% for both NF90 and X20 membrane.
Introduction
Poultry sector is one of the most important agricultural activities which generates huge amount of organic waste that needs environmentally friendly management all over the world. Uncontrolled discharges and inappropriate management of chicken manure results in serious environmental deterioration leading to eutrophication of surface waters and pollution of soil as well as ground water [1] . The discharge of ammonia rich chicken manure into receiving media could be toxic for aquatic life even at very low concentration [2] [3] [4] . Chicken manure is quite suitable for anaerobic digestion since it has a higher proportion of biodegradable organic matter than the excrements of any other livestock [5] . Even though, ammonia is essential for the stability of digestion process, high ammonia is frequently reported as the primary cause of digester failure because of its direct inhibiton to microbial activity, especially when chicken manure is digested alone [6, 7] . Several methods have been developed for ammonia removal including nitrification-denitrification processes [8, 9] , ANAMOX [10] , ion exchange processes using natural or synthetic adsorbents [11, 12] , breakpoint chlorination [13] , air stripping [14] , and membrane processes [15] [16] [17] [18] [19] . On the other hand, most commonly applied approach in order to eliminate the negative effect of high ammonia content of chicken manure during anaerobic digestion is either the dilution of raw chicken manure with continuous addition of freshwater or co-digestion with other alternative organic substrates which have lower ammonia content [20] . The both alternatives have their inherent disadvantages; i) the addition of huge level of fresh water require the construction of very large tanks for the storage of residual digestate (at least for 5 months) until it can be used on arable lands as fertilizer. This approach requires high capital cost for the construction of storage basins. ii) Co-substrates are not so easily available or not accessible with a reasonable cost. Therefore, recycling of digestate after removing ammonia by membrane filtration seems to be logical solution, since this method can significantly reduce amount of fresh water needed and eliminate the construction of costly storage basins. In order to realize the aforementioned solution introduced for the first time in this study, the selection of appropriate membranes that will be integrated to conventional biogas flow scheme was carried out. For this purpose, the effectiveness of six different Nano Filtration (NF) and three different reverse osmosis (RO) membranes in terms of ammonia removal from chicken manure was investigated using cross-flow membrane filtration system. The performance of the membranes was tested by monitoring various parameters such as pH, conductivity, COD, TN, NO 2 -N, NO 3 -N, TP in the permeate under various operating conditions. In addition, the effects of various operating conditions such as filtration pressure and filtration temperature on the filtration flux and rejection efficiency were also studied for the best RO membrane type. To the best of our knowledge, as of today, there are no reports of previous studies on chicken manure digestion coupled to ammonia removal by a membrane filtration and recycling of digestate for use as fresh water in a single reactor system.
Materials and Methods

Source and characteristics of chicken manure
The chicken manure (laying hen) used in this study was kindly obtained from a local chicken farm in Adapazarı, Sakarya, Turkey. The pollution characteristics of the manure are given in Table 1 . All the chicken manure was stored in a refrigerator at +4°C until used. NF, NP010) and three RO (BW30, SW30, X20) membranes used in the study are described in Table 2 . Prior to the experiments, all of the membrane sheets were conditioned with deionized water. In each experiment, a new membrane was used to obtain reproducible results.
Experimental set up and procedures
All the membrane selection experiments were carried out by a labscale cross-flow flat sheet system (custom made) shown in Figure 1 . The system was composed of a high pressure piston pump (adjustable flow rate: 100-600 L/h; pressure up to 60 bar) with a frequency converter, a stainless steel feed tank (60 L), a membrane unit (20 cm (length) × 4 cm (width)), a temperature control unit and a control panel (PLC) with an emergency stop button. The chicken manure solution in the feed tank was fed into the dismountable flat sheet membrane module by the help of the piston pump after micro filtration (pore size 10 µm). The temperature of the feed tank was kept at a desired level by the help of a heat exchange. The feed flow rate was regulated via a valve installed before the module. The cross flow velocity was kept constant at 2.0 m/s throughout the experiments. The pressure gauges (0-100 bar and 20 mA signal output) were installed at the inlet and the outlet of the module. The permeate liquid was weighted by an electrical balance and the data were transferred to a personal computer at intervals of 1 min. The values of permeate flux were calculated from the change in the volume of permeate liquid with time and the effective membrane area. The retentate flow was continuously recycled back to the feed tank after passing through the flow meter (flow range: 0-1000 L/h). The system had also a by-pass line for maintenance requirement.
The rejection of contaminants was determined as follows:
Where R is the rejection ratio, C feed and C permeate are the contaminant concentration of feed and permeate, respectively.
Analytical methods
The parameters such as pH, conductivity, COD, TN, NO 2 -N, NO 3 -N, NH 4 -N, TP were measured according to "Standard Methods for the Examination of Water and Wastewater". TN was measured by Hach Lange kit. All chemical solutions were prepared with deionized water (Milli-Q ® Ultrapure Water Purification System, Millipore Corp.) having conductivity less than 18.2 µS/cm. pH and conductivity values were monitored by a pH meter (WTW multi 340i) and conductivity meter (HachLange, 2100P), respectively.
Results and Discussions
Membrane selection experiments
Literature has significant number of reports dominantly on membrane filtration of pig and cow manure with a limited report on chicken manure, on the other hand, these results must be compared cautiously, because feed characteristics, concentration factor, and experimental set-ups (fluctuating vs. stabilized temperature, fixed vs. variable pressure, tangential flow velocities, length of experimental runs) were highly variable and not always well defined. It is also well known that each membrane has its own specific characteristics and performance values as a function of varying feed solutions. The relationship between the membrane performance and the membrane characteristics depending on feed solution characteristics is still not clear, therefore, the selection of membrane type for each new feed solution in membrane filtration is very important issue for any membrane study. In this study, laying hen manure was chosen as the specific feed solution to find out to most appropriate membranes. For this purpose, six NF membranes (NF90, NF200, NF245, NF270, NF-NF, NP010) and three RO membranes (BW30, SW30, X20) were evaluated in regards to their separation performance (primarily ammonia and TN removal) in this study.
Figures 2a and 2b show the flux values by time during the filtration of chicken manure for each nano-filtration and reverse osmosis membranes studied, respectively. The filtration pressures were 15 bars for NF membranes and 30 bar for RO membranes. The results in Figure 2a showed that the NF membranes reached pseudo-steady values at different filtration time indicating that initial and steady-state membrane fouling occurred depending on membrane type. Initially, a sharp drop in the permeate flux occurred for all nano-filtration membranes within the first twenty minutes of filtration. NP010 and NF200 membranes showed the most rapid decline in the flux among all other NF membranes studied. This rapid decline in flux was possibly attributed to initial deposition of the contaminants on membrane surface. Similar declining pattern as a result of initial pore restriction and compound adsorption on the membrane surface have also been reported in a previous study by some researchers [21, 22] . Steadystate permeate flux values for NF245, NF270, NP010, NF200, NF90, and NF-NF were measured as 29.4, 24.9, 19.6, 18.4, 11.5, and 3.7 L/ m 2 /h, respectively (Table 3) . NF245 membrane yielded the greatest steady-state flux value followed by NF270, NP010, NF200, while NF90 and NF-NF membranes had the lowest steady-state flux. However, the difference between NP010 and NF200 membranes was relatively insignificant. These varying flux values for each membrane are most likely to be the result of morphological differences of membranes. The roughness, the membrane surface zeta potential, and the pore structure might change following the membrane fouling. Figure 2b shows the permeate flux of manure versus filtration time for RO membranes. Similar to NF membrane studies, initial sharp drop in the permeate flux occurred for all the RO membranes approximately within the first sixty minutes of operation. X20 membrane showed the most rapid decline in the flux among all RO membranes. Steady state permeates flux values for BW30, SW30, and X20 membranes were 11.0, 15.7, and 19.6 L/m 2 /h, respectively. X 20 membrane yielded the greatest steadystate flux value followed by SW30 and BW30.
Effect of trans-membrane pressure and temperature on filtration performance
Further optimization studies for temperature and pressure were carried out using X20 membrane, since X20 RO membrane, which Figure 3a . The steady-state permeate flux increased at 10 bar, possibly due to the fact that low feed pressure decreased concentration polarization and organic matter absorption on membrane surface. It was also seen that the steady-state permeate flux of the X 20 membrane increased with increasing feed pressure for 15, 20, 30 bar. The application of high pressures are known to result in higher initial permeates flux due to increase in effective number of pores upon opening up a number of closed pores. On the other hand, the nanocolloids or inorganic scaling can close the open pores situated in the active layer structure of the RO membranes [23] . As clearly seen from the Figure 3 , higher the pressures, higher the flux decline occurred due to increased fouling. In addition, the concentration polarization can be dominant at higher pressures, particularly at 20 and 30 bars. Similar results have also been reported in a previous study [24] . In general, as TMP increases, concentration polarization also increases and flux decreases [25] . In order to select the best filtration temperature for the feed solution, the solution temperature was adjusted to 25, 30, 35°C, respectively. Figure 3b shows the effect of temperature on permeate flux for each temperature at 10 bar pressure which is chosen due to its stable flux value throughout the filtration period and highest steady state flux value. High temperature conditions not only improved the flux but also increased mean pore radii and the molecular weight cut off suggesting changes in the structure and morphology of the polymer matrix compressing the membrane barrier layer [26] . Even though, it is expected to have higher membrane flux at higher temperatures due to reduction in viscosity, the highest permeate flux was obtained at 30°C in our study and there was no difference between 25°C and 35°C. 
Removal of contaminants
The performances of NF and RO membranes were evaluated and compared in terms of removal of various contaminants such as COD, TN, NO 2 -N, NO 3 -N, NH 4 -N, TP. The quality of composite permeates obtained from experiments at different NF and RO membranes were compared with the corresponding feed values in Table 3 . As seen from Table 3 , COD and NO 3 -N removal values were found to be between 79% and 99%. In terms of COD removal, it was seen that NF90, BW30, SW30 and X20 membranes showed the highest efficiency values (99%); similarly these membranes were also able to achieve NO 3 -N removal efficiency over 98%. NP010 membrane resulted in the worst COD removal reducing the influent COD from 4610 mg/L down to 976 mg/L. On the other hand, the best effluent COD value was achieved by SW30 membrane (24 mg/L). While X20 resulted in lowest NO 3 -N residual (0.26 mg/L) in the permeate, NP010 membrane was the worst one with a residual concentration of 22.9 mg/L. Furthermore, all membranes tested in this study were found to be quite successful for the removal of both NO 2 -N and TP with removal efficiency over 98%. Table 3 shows that while NP010 again performed the worst NH 4 -N and TN removal (584 mg/L and 1090 mg/L), X20 outperformed all other membranes with residual NH 4 -N and TN concentrations of 23 and 93 mg/L, respectively. The best residual concentrations of NO 2 -N and TP were 0.03 mg/L (X20 membrane) and 0.17 mg/L (X20 membrane), respectively. In conclusion, the best quality of permeate in terms of especially nitrogen species removal was obtained by X20 membrane which showed satisfactory specifications for the water recovery as fresh water use. Even though RO membrane performed best amongst the all membranes tested in this study, NF 90 also showed remarkable results especially in terms of TN (83%) and NH 4 -N (82%) removal. In fact, according to the results obtained in this study, NF90 membrane seems that it could even be used alone with no much need for RO. On the other hand, if it is used in combination with RO membrane, in addition to its high ammonia removal, it would also provide a good pretreatment for RO to prevent fouling, maximize membrane life, and increase flux. Viau and Normandin [27] reported 52% and 78% of Total Ammonia-Nitrogen (TAN) and potassium removal, respectively by an NF membrane (150 Da) operating at 2.1 MPa in the effluent from an aerobic reactor fed pig manure [27] . The results obtained in our study were found to be better than this literature report.
Final remarks
In order to realize the idea of recycling digester effluent as fresh feed water and eliminating the need for the construction of costly final storage tank for digestate, the integration of membrane filtration system to conventional anaerobic digestion flow scheme, a new and novel approach, namely CLAMBS approach (Closed Loop Anaerobic Membrane System), is introduced for the first time in this study. As seen in Figure 4 , the proposed flow scheme as a modification of conventional biogas system is composed of membrane filtration unit equipped with the membrane types which were tested and selected in this study. As it is seen, this approach allows the use of digestate back in the process continuously and eliminates the costly construction of huge final storage tanks. This approach not only provides the aforementioned advantages but also prevents potential environmental deteriorations due to the intensive land application of digestate having high loads of nutrients and other organic materials. Last but not least, concentrated retentate which is rich in nutrients (N and P) could also be sold as liquid fertilizer. 
Conclusions
The feasibility of TN and ammonia removal from anaerobic digester effluent and continuous reuse of digestate as fresh feed water was suggested. For this purpose, NF90 and X20 type membranes were found to be most effective for the recovery of ammonium from the digestate, which would allow the use of this concentrated retentate as a liquid fertilizer. Problems associated with surplus nutrients in areas with high livestock density could be solved by the use of membrane technology to concentrate manure nutrients in small volumes that could be exported as fertilizer to other agricultural regions. This novel approach would be suggested as an alternative method for biogas production from chicken manure as mono substrate. It looks like that the use of membrane supported biogas production systems could provide a sustainable solution for the needs of poultry industry. This new approach allows the continuous use of anaerobic digestate over and over as dilution water. Furthermore, it also eliminates the construction of tremendously large storage basins, which are needed as an essential part of conventional biogas plants.
